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Switching to Rac and Rho
Could the recent elucidation of the structure of the Rap-Raf complex
have been the first glimpse of a universal arrangement between GTPase
switches and kinase cascades, as a number of recent reports show that
Ras is not unique in its ability to start a signalling 'chain reaction'?
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The GTPase switch
GTP-binding proteins act as switches that regulate a
wide variety of cellular functions such as control of
protein and vesicle transport, modulation of cell morph-
ology and responses to hormones, mitogens and differ-
entiation signals. They are switched 'ON' by binding of
GTP and 'OFF' by the hydrolysis of GTP to GDP [1].
Activation of the low molecular weight Ras superfamily
of GTP-binding proteins is achieved by guanine
nucleotide exchange factors (GEFs), which promote the
exchange of protein-bound GDP for GTP, and inactiva-
tion results from rapid GTP hydrolysis stimulated by
GTPase-activating proteins (GAPs) [2]. This superfamily
comprises a number of three letter R** subfamilies,
the most prominent of which are the Ras, the
Rab, and the Rho/Rac subfamilies, classified according
to their sequence homology which also correlates to
homologous functions.
Ras itself acts as an oncogene when mutated to a consti-
tutively activated form, which reflects its crucial role in
the control of cell proliferation and differentiation. Due
to this central function in cellular growth control, con-
siderable effort has been devoted to investigating the
action of Ras. This is, in part, motivated by the hope that
Ras may serve as a prime target for anti-cancer drugs in
tumours with activated Ras genes. A high point in the
structural investigation of Ras action was the recent
determination of the crystal structure of the Ras homo-
logue RaplA bound to the Ras-binding domain of the
downstream effector Raf [3], as discussed in detail in the
July issue of Structure [4].
The Rab subfamily is responsible for regulating intracel-
lular vesicle transport. So far, this subfamily comprises the
largest number of members and it is thought that each
member may be associated with the tagging of a specific
sorting pathway. The Rho/Rac family was originally
thought to be involved in the regulation of cytoskeletal
reorganization [5]. Recently, this family has been linked
to the control of gene expression and the pathway used
for gene regulation by the Rho/Rac switches reveals
fascinating parallels with the Ras-regulated pathway
[6-9]. In the light of these results, the Ras-mediated
signal-transduction pathway appears to be the prototype
for an arrangement of signal-transduction components
responsible for the control of gene expression.
The Ras switch/MAP-kinase module interaction
Ras, when activated, binds to and activates its down-
stream effector, Raf, which in turn translates the
GTP-dependent 'ON' signal into protein phosphoryla-
tion. This signal is propagated within a setup of kinases,
which we refer to as the 'MAP-kinase module' (Fig. 1),
finally leading to the induction of gene expression [10].
The structure of the complex of the Ras homologue
RaplA bound to the Ras-binding domain (RBD) of Raf
revealed that this binding is mediated by an antiparallel
P sheet shared between the RBD and RaplA. As the
residues of RaplA contributing to the interaction are the
effector residues, and are completely conserved between
Ras and Rapl [3], the structure also serves as a model for
the Ras-Raf interaction. This has been confirmed by
mutational analysis of residues situated in the interface,
which showed that the interaction between Ras and the
RBD of Raf appears to be the critical and limiting step
in the regulation of gene expression induced by Ras
(C Block et al., unpublished data). In addition, the muta-
tional analysis of the RBD revealed that Lys84 of this
domain contributes significantly to the Ras-Raf inter-
action (C Block et al., unpublished data). In the crystal
structure, Lys84 is shown to be in close proximity to
residues Glu30 and Lys31 of Rap [3], which correspond
to Asp30 and Glu31 in Ras. The results of the mutational
study demonstrate an interaction between Lys84 of the
RBD and Ras, suggesting that residues that discriminate
between related GTP-binding proteins are located adja-
cent to a region that we term the core effector region
(residues 32-40) in the Ras family of proteins. This
region had originally been defined genetically in Ras
[11]. Thus, the site on the GTPase switch (Ras) that
binds the downstream effectors seems to be functionally
bipartite, consisting of a highly conserved core effector
region that is largely responsible for selecting the down-
stream effector, and a part that distinguishes between
structurally related but functionally distinct effectors.
This provides an economic solution to the problem of
specificity encountered by the multitude of highly related
GTP-binding proteins and the plethora of downstream
target molecules [12].
Rho/Rac family members switch on MAP-kinase modules
Recently it has become evident that the mode of activa-
tion of a MAP-kinase module is not restricted to the
proteins of the Ras subfamily. It turns out that the
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Rho/Rac subfamily of GTP-binding proteins also acti-
vates MAP-kinase modules [6-9]. It was believed that
the members of the Rho/Rac subfamily of GTPase
switches merely had a role in the rearrangement of the
actin cytoskeleton; Rac was believed to be involved in
membrane ruffling and lamellopodia formation, Cdc42
(which is closely related to Rac) in filopodia formation
and Rho in the formation of stress fibers [5,13]. Thus,
the novel results linking the Rho/Rac family to the acti-
vation of MAP-kinase modules and to the regulation of
gene expression provide a landmark in the understanding
of the cellular function of this switch family (Fig. 1).
These results were preceded by findings showing that
deregulated exchange factors for Rac, Cdc42 and Rho
can act as oncogenes and are capable of inducing malig-
nant transformation as well as morphological changes
[14,15]. Most importantly, Rac and Rho play an essential
role in the transformation of cells by oncogenic Ras
[16,17]. The work of Coso et al. [6], Minden et al. [7],
and Olson et al. [9] has shown that constitutively activated
Rac and Cdc42 leads to stimulation of the kinase activity
of the JNK and p38 members of the MAP-kinase family
[6,7,9], although the direct links between either Rac or
Cdc42 and these MAP kinases have not been established.
The most likely candidate for the immediate downstream
effector of Rac and Cdc42, which at the same time is part
of the MAP-kinase module, is a kinase called PAK which
binds to GTP-bound Rac and Cdc42 via its N-terminal
domain and which is activated by this interaction in vitro
[18,19]. Activated JNK produced by the Rac-stimulated
pathway of kinases can phosphorylate and activate tran-
scription factors thereby controlling gene expression
[6,20]. The pathway by which Rho controls gene expres-
sion is less clear than the pathway mediated by Rac and
Cdc42 as a member of the MAP-kinase family that is
activated by Rho has not yet been identified; however, as
many MAP-kinase family members are known to exist,
and multiple parallel MAP-kinase pathways have been
identified genetically in yeast [21], such a link is likely to
be forthcoming. In any case, Hill et al. [8] demonstrated
clearly that a Rho-mediated signal is ultimately targeted
to the serum response factor and leads to the activation of
genes controled by the serum response element. Further-
more, Rho, in addition to Ras, Rac and Cdc42, is able to
induce DNA synthesis in quiescent cells [9]. The down-
stream effector of Rho has been putatively identified as
the protein kinase PKN, which binds to Rho via its N-
terminal regulatory domain and is thereby activated
(Kaibuchi et al., Narumiya et al., Watanabe et al., unpub-
lished data). It is therefore not too speculative to expect
that further details of another cascade will show up soon.
At present the MAP-kinase modules regulated by
GTPase switch appears to form a well-ordered arrange-
ment of parallel pathways, each pathway being highly
Fig. 1. Schematic representation of
MAP-kinase modules regulated by Ras,
Rac and Rho GTPase switches.
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specific for a particular GTPase switch. Indeed, the
Ras-stimulated kinase ERK is not activated by Rac,
Cdc42 or Rho, whereas the JNK pathway is weakly
stimulated by Ras [6,7,9]. On the other hand, there is
cooperativity between these pathways as an ordered
array of activation events has been documented for
Ras, Cdc42, Rac and Rho and it appears that for full
mitogenesis and morphological transformation to take
place more than one MAP-kinase module has to be
switched on. It is also possible that the combinatorial
activity and degree of activation of several pathways
causes the specificity of signal-transduction processes.
The MAP-kinase module: a structural assembly?
On the MAPKK level of the kinase module (Fig. 1) the
kinases MEK and SEK, that are responsible for specifi-
cally activating their respective MAP kinase, are related
by sequence homology. MEK and SEK are both dual-
specificity kinases that are themselves activated by
Ser/Thr phosphorylation and activate MAP kinases
by phosphorylation on tyrosine as well as serine and
threonine. MAP kinases, in turn, are proline-directed
Ser/Thr-specific kinases [10]. The functional co-occur-
rence of members of a kinase cascade that are related in
primary structure could suggest a specific assembly of
these components in signal transduction. Such an assem-
bly appears to exist in the MAP-kinase module involved
in pheromone response in yeast (Fig. 1). In yeast, Cdc42
is required for activation of STE20, a homologue of the
mammalian protein kinase PAK [22], which in turn acti-
vates a kinase cascade in which all members can simulta-
neously bind to a yeast protein called STE5 [23]. Thus,
STE5 which does not have a catalytic function on
its own, acts as a scaffold protein, bringing together
and thereby juxtaposing the different kinases involved in
signal transduction. In yeast, complex formation appears
to be an important feature of the signalling by the
MAP-kinase module. Such an assembly has not been
described for mammalian MAP-kinase modules; how-
ever, during identification of Raf as the downstream
effector of Ras it was shown by immunoprecipitation
that activated Ras and Raf are complexed to MEK,
which is the subsequent kinase in the cascade [24]. If the
physical assembly of the members of a kinase module
turns out to be necessary for efficient signalling it will be
a challenging task to elucidate the structural details of
such an assembly. This will provide important insight
into the mechanisms used in signal transduction by this
type of module. As the structures of the GTPase switch
bound to its downstream effector [3], upstream of this
signalling unit, and the structure of the MAP kinase
ERK [25], at the downstream end, have already been
solved, the first pieces of the puzzle are already at hand.
Structural basis for the activation of MAP-kinase modules by
GTPase switches
An important question in the action of GTPase switches
is how they translate the GDP-to-GTP conversion signal
(i.e. the phosphorylation status of the protein-bound
cofactor) into a protein phosphorylation signal. It emerges
that the common strategy involves Ras, Rac or Rho
binding to regions in the N-terminal regulatory domain
of their respective downstream kinases. Whereas in the
cases of PAK activation by Rac and PKN activation by
Rho, in which merely binding of the GTPase switch
appears to be sufficient to activate the kinase, binding of
Ras to Raf is necessary but not sufficient to achieve kinase
activation. The molecular mechanism of Raf activation
by Ras requires additional factors and has so far resisted
considerable effort directed towards its elucidation.
The binding of Rac and Rho to downstream kinases may
not necessarily be mediated by structures similar to the
Ras-RBD interaction, in which the hallmark is the for-
mation of a continuous P sheet involving the single anti-
parallel 3 strand of the core effector domain of Ras;
however, no structural information is presently available
on these interactions. The only suggestion of a similar
interaction comes from the observation that residues in
the effector region of Rho and Rac are involved in their
biological function [26,27]. The belief that the inter-
action of GTPase switches with their downstream effec-
tors does not necessarily involve formation of a 13 sheet
comes from studies with the GTP-binding protein Rad,
which was identified as being associated with diabetes
and which forms its own subfamily [28]. It turned out
that Rad binds to tropomyosin and thus interacts with a
purely coiled-coil protein, demonstrating that different
structural classes of switch-effector interaction may exist
(Zhu et al., unpublished data). Within the Rab subfamily,
the interacting regions of the putative effectors of
Rab5 and Rab3a have also recently been identified as
coiled-coil structures [29,30].
As the essential components of signalling cascades, from
various GTPase switches to kinase modules controlling
gene expression, have been defined and can be isolated as
recombinant proteins, we have the unique chance to
investigate structurally how these regulatory modules
interact. These results, combined with biochemical and
biological investigations will be essential to sort out
the multitude of possible regulatory signal-transduction
pathways which determine the fate of a cell.
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